of the most useful properties of micelles is their ability to The solubilization of hydrocarbons by micelles formed of diblock enhance the aqueous solubility of hydrophobic substances. and symmetric triblock copolymers in water are compared in the This phenomenon, referred to as solubilization, is made posframework of a mean-field theory of solubilization. The block co-sible by the incorporation of the solubilizates in the hypolymers contain poly(ethylene oxide) as the hydrophilic block drophobic microenvironment offered by the micellar core and poly(propylene oxide) as the hydrophobic block and are desig-(1-3). Because of the solubilization power of micelles, nated as E X P Y E X or E W P Z (where E and P denote ethylene and aqueous block copolymer solutions hold great promise as propylene oxides and the subscripts denote the number of segsubstituents for organic solvents in many industrial applicaments). In the presence of a variety of aromatic and aliphatic tions.
INTRODUCTION
cially available block copolymers made of PEO and PPO blocks are symmetric triblock copolymers. Therefore, it is Block copolymer molecules consisting of hydrophobic of interest to predict the solubilization behavior in a triblock and hydrophilic blocks aggregate in aqueous solutions, form-copolymer micelle and compare it against the predictions ing multimolecular micelles. In these micelles, the hy-for a diblock copolymer micelle. The second goal stems drophobic blocks constitute the core and the hydrophilic from the need to improve our earlier theory of solubilization blocks along with the solvent water form the corona. One (5) which assumed uniform segment densities in the core and the corona regions of the micelle while at the same time treating the chains to be stretched uniformly along their 1 To whom correspondence should be addressed. E-mail: rxn@psuvm. length (uniform concentration-uniform deformation model).
psu.edu.
However, to maintain uniform concentrations in the core and added to the system will form a separate hydrocarbon phase Molecular Properties of the Hydrocarbon Solubilizates and Solu-coexisting with the aqueous copolymer solution.
bilization Capacity of Block Copolymer Micelles for Hydrocarbons
Also listed in Table 1 are some important molecular charat 25ЊC acteristics of the solubilizates: molecular volume (£ J ), interfacial tension against water (s JW ), and Hildebrand- a Experimental results obtained in our earlier study (4) using block copol-
The experimental solubilization data obtained in Ref. (4) ymer of molecular weight 12,500, with 70 wt% PEO and 30 wt% PPO.
are empirically correlated via the relation formly, as clearly enunciated by Semenov (6) . Hence, the MSR Å ax
second goal of this paper is to formulate the uniform concentration-nonuniform deformation model to predict the solubilization behavior of hydrocarbons in block copolymer micelles.
for both block copolymers investigated. Here, MSR is the Micellar models based on such nonuniform chain stretching ratio of the moles of hydrocarbon solubilized to the moles have been developed by us for conventional surfactants (7) .
of block copolymer in solution, and a and b are positive Alternate micellar models allowing for concentration inconstants dependent on the block copolymer molecule. In a homogeneities in the corona region (7) or in both the core recent study, such a correlation has been found to describe and the corona regions (8) have also been formulated in our well the experimental solubilization data for aliphatic, aroearlier studies. The former model is based on a mean-field matic, cyclic, and chlorinated hydrocarbons and esters in description, whereas the latter theory is based on a scaling poly(styrene) -poly(methacrylic acid) block copolymer approach exploiting the analogy between spherical micelles micelles (10) . This empirical correlation suggests that soluand star polymers. Another approach is that of Hurter et al. bilizate J-core block A compatibility (d A -d J is small), as (9) involving self-consistent field calculations, which allow well as a smaller molecular volume of the solubilizate £ J , the prediction of composition profiles in the core and the lead to significantly large amounts solubilized. corona regions of the micelle.
In contrast to an empirical correlation, a theory of solubilization can a priori predict the volume fraction of the solubili-
SUMMARY OF EXPERIMENTAL RESULTS
zate inside the micellar core region as a function of the molecular properties of the copolymer, the solvent, and the solubilizate. In addition, a theory can predict all the microThe solubilization capacities of block copolymer micelles for aromatic and aliphatic hydrocarbons reported in Ref. (4) structural features of the micelle as well, such as the core radius, the thickness of the corona, and the aggregation numwere determined using the gas chromatographic method. The block copolymer molecule employed was composed of PEO ber. Such a theory, applicable to both diblock and symmetric triblock copolymer molecules, is outlined below. Predictions and PPO blocks with a total molecular weight of 12,500 and having 30% PPO (Polysciences Inc.). This corresponds to a of various microstructural features of micelles containing solubilizates are given in this paper, although no experimenpolymer having approximately 200 ethylene oxide and 64 propylene oxide segments. The limiting amounts of solubilization tal data are currently available for comparison. Recent studies have begun to address this need; for example, the hydroof a number of aromatic and aliphatic hydrocarbons in aqueous solutions of 10 wt% block copolymer are listed in Table 1 , dynamic radii of micelles containing solubilizates determined by light scattering are given for another block expressed as millimoles solubilized per gram of the hydrophobic PPO block of the copolymer. Any excess hydrocarbon copolymer system in Ref. (10) . We note, however, that its decomposition into core radius and corona thickness is not centration X * 1J . This condition is defined by the equilibrium possible in the absence of additional information on the ag-relation gregation number of the micelles.
[3]
THERMODYNAMIC THEORY OF SOLUBILIZATION
Since an excess solubilizate phase comes into existence Size and Composition Distribution of Micelles when the aqueous solution is saturated with the solubilizate, the standard state m H J of the solubilizate refers to a pure The micelles present in solution may contain varying numsolubilizate phase. Denoting by f the fractional saturation bers of copolymer and solubilizate molecules. The size and composition distribution of micelles at equilibrium is ob-of water with the solubilizate (i.e., X 1J /X * 1J ), the micelle tained by minimizing the total free energy of the system. size and composition distribution equation becomes The system includes solvent molecules, singly dispersed copolymer, and solubilizate molecules and micelles of various 
[4] copolymer, the singly dispersed solubilizate (J), and micelles of aggregation number g containing j solubilizate molecules are denoted by m The factor Dm 0 g represents the change in the standard-state Denoting the mole fraction of species i by X i , the micelle free energy when a singly dispersed block copolymer molesize and composition distribution equation can be written cule in water and j/g solubilizate molecules in their pure (7, 8) in the form phase are transferred to an isolated micelle in water. The solubilization limit is achieved for f Å 1, when the aqueous
[2] micellar phase coexists with the pure solubilizate phase. All predictions given in this paper are for this condition since the experimental data in Ref. (4) were obtained corresponding to the solubilization limit. Our calculations have shown that In writing Eq. [2] , it is assumed either that intermicelle the size and composition distribution of micelles is very interactions are not present or that they do not affect the size narrow and it is reasonable to assume that the micelles are distribution. Also, the system entropy of the multicomponent all of a single size and composition (5) . solution is written as for an ideal solution. In dilute solutions such as those of interest here, the intermicellar interactions Pseudophase Description of Micelles are not important. Therefore, one may neglect the free energy contributions associated with such interactions. The conseTo simplify numerical computational efforts, the micelle quences of using a few plausible models of system entropy containing the solubilizates can be represented as a pseuin the theory of micellization have been analyzed in detail dophase in equilibrium with the singly dispersed solubilizate in Ref. (11) . It was found that for nonionic systems such and copolymer molecules in solution. For aggregates exhibas those considered here, the choice of a model for the iting narrow size distribution, this representation provides system entropy has no influence on the micellar structural results practically identical to those obtained from the deparameters, but affects only the magnitude of the critical tailed size distribution calculations. The equilibrium characmicelle concentration (CMC). Further, the CMC predicted teristics of the micelle in the pseudophase approximation are assuming one entropy model can be related via a simple obtainable from the condition scale factor to the CMC that would result from another entropy model (11).
If one wants to calculate the limiting (or maximum)
amount of solubilization of a compound that is possible inside the micelle, then the concentration of the singly dispersed solubilizate X 1J in water should be its saturation conat g Å g opt , j Å j opt [5] where g opt and j opt refer to the numbers of block copolymer and solubilizate molecules, respectively, constituting the optimal or equilibrium aggregate. The CMC in the pseudophase approximation is calculated from
The magnitude of Dm 0 g controls the CMC as shown by Eq. [6] . In contrast, the equilibrium structural features of the micelle are determined by how this standard free energy difference depends on the variables g and j, as is evident from Eq. [5] . To formulate an expression for this free energy difference, the geometrical features of the micelle should be specified.
Geometrical Properties of Aggregates
Two structural descriptions of spherical aggregates can be visualized depending on how the solubilizate is contained inside the block copolymer micelle (Fig. 1 ). These descriptions result by analogy with the structural models employed for simple solubilization and microemulsification, respectively, in systems involving low-molecular-weight surfactants. The type a structure is analogous to that used for simple solubilization. Here, the micellar core is made up of the solvent incompatible A blocks and the solubilizate J. The solvent compatible B blocks and solvent W are present in the corona region of the micelle. The type b structure is analogous to that used for droplet microemulsions, with the core region separated into two parts. Pure solubilizate J is allowed to exist in the inner core of the micelle. This solubili- micelle contains the B block and the solvent W as in the all of the solubilizate molecules interact with the core block. In the type b type a structure. In the absence of a pool of pure solubilizate structure, a part of the solubilizate molecules are present in a separate J in the inner core, the type b structure reduces identically domain while the remaining interact with the core block. to type a. Free energy calculations of the kind described below showed that for the systems considered in this paper,
We denote the molecular volumes of the A and the B the condition of minimum free energy always occurred corsegments, the solubilizate, and the solvent by £ A , £ B , £ J , and responding to a zero size for the pure solubilizate pool. Thus, block A and block B for the AB diblock as well as the BAB triblock copolymers, implying that the BAB triblock We note that nonspherical aggregate structures are not considered in this paper. Such structures (cylinders, vesicles, copolymer has two terminal blocks of size N B /2 attached to a middle block of size N A . We use the variable R to denote or lamellae, for example) can come into existence depending on the composition and molecular weight of the block copol-the hydrophobic core radius, D for the corona thickness, and a for the surface area of the aggregate core per constituent ymer. The formation of nonspherical aggregates has been modeled in our recent study (12) from which we predict block copolymer molecule. The micelle core volume V C is calculated as the sum of the volumes of the A blocks and that for the molecules examined in this paper, only spherical micelles result in aqueous solutions.
the solubilizate molecules, core of the micelle. This provides an additional free energy
Geometrical Properties of Spherical Aggregates
contribution. The free energy of solubilization can be obtained as the sum of the above contributions:
Aggregation number of micelles (g)
Expressions for each of these contributions are formulated
Volume fraction of solubilizate in core (h) 1 -f A below.
Change in State of Dilution of Block A of the corona region is denoted by V S . The volume fraction
In the singly dispersed copolymer molecule, the A block of the solubilizate molecules in the core is denoted by h is in a collapsed state, minimizing its interactions with the (Å j£ J /(gN A £ A / j£ J )). The concentrations of segments are solvent. We consider the region consisting of the collapsed assumed to be uniform in the core as well as in the corona, A block with some solvent entrapped in it to be a spherical with f A standing for the volume fraction of the A segments globule, whose diameter 2R ϱ A is equal to the end-to-end in the core (f A Å 1 0 h), and f B for the volume fraction distance of block A in the solvent. The volume of this spheriof the B segments in the corona. The shape of the micelle and cal region is denoted by V ϱ A . The chain expansion parameter the assumption of incompressibility lead to the geometrical a A describes the swelling of the polymer block A by the relations summarized in Table 2 . If any three structural vari-solvent W, ables are specified all the remaining geometrical variables can be calculated through the relations given in Table 2 . For convenience, R, D, and h (or f A ) are chosen as the V ϱ A Å 4pR
A L A , independent variables.
Model for the Free Energy of Solubilization
A1 , [8] An expression for the free energy of solubilization Dm 0 g defined in Eq. [4] is developed by considering all the physiwhere f A1 (ÅN A £ A /V ϱ A ) is the volume fraction of A segcochemical changes accompanying the transfer of the solubiments within the monomolecular globule. The first equality lizate molecule from its pure phase and the singly dispersed in Eq. [8] follows from geometry; the second equality is copolymer molecule from the infinitely dilute aqueous solubased on the definition of the chain expansion parameter a A , tion state to an isolated micelle also in the infinitely dilute taking (N 1/2 A L A ) as the unperturbed end-to-end distance of solution state. First, the transfer of the solubilizate and the block A. The third equality is obtained by combining the singly dispersed copolymer to the micellar core is associated first two in conjunction with the definition for f A1 . The with changes in the state of dilution and in the state of volume fraction f A1 is calculated (5) from the condition deformation of the A block, including the swelling of the A of osmotic equilibrium between the monomolecular globule blocks inside the core by the solubilizate J. Second, the B treated as a distinct phase and the solvent surrounding it, as block of the singly dispersed copolymer is transferred to the suggested by de Gennes (13): corona region of the micelle, and this transfer process also involves changes in the states of dilution and deformation ln
[9] of the B block. Third, the formation of the micelle localizes the copolymer such that the A block is confined to the core while the B block is confined to the corona. Fourth, the In Eq. [9] , x AW is the Flory interaction parameter between the pure A polymer and water. formation of the micelle is associated with the generation of an interface between the micelle core made up of A blocks
In the micelle, the A block is confined to the core region, where it is swollen by the solubilizate J. We consider this and solubilizate J and the micelle corona consisting of solvent W and B blocks. All these changes contribute to the region to be uniform in concentration with a volume fraction f A of A segments and h (Å1 0 f A ) of the solubilizate. A free energy of solubilization in the case of the diblock and the triblock copolymers. Further, in the case of a BAB triblock mean-field description is employed for calculating the free energy of this region. The difference in the dilution of block copolymer, folding or loop formation of the A block occurs, ensuring that the B blocks at the two ends are in the aqueous A from its singly dispersed state to the micellized state makes a free energy contribution given by the relation domain while the folded A block is within the hydrophobic
ͬ [10] where q Å 1 for an AB diblock copolymer and q Å 2 for a BAB triblock copolymer having a middle hydrophobic block. The parameter p is dependent on aggregate shape and has the value of 3 for spherical micelles (7). In Eq.
[11], In this equation, the first two terms account for the entropic the first term represents the A-block deformation free energy and enthalpic contributions arising from the mixing of pure in the micelle, whereas the second term corresponds to the A block and the pure solubilizate J within the micellar core. deformation free energy in the singly dispersed copolymer. They are written in the form of the Flory expression for the swelling of a network (14) by a solvent. The third and the Change in State of Dilution of Block B fourth terms account for the entropic and enthalpic changes associated with the removal of A block from its infinitely
In the singly dispersed state of the copolymer, the polymer dilute state in water to a pure A state. These terms are written block B is swollen with the solvent. As mentioned before, in the framework of the Flory expression (14) for an isolated N B denotes the size of the B block for the AB diblock copolypolymer molecule. The last term accounts for the fact that mer, whereas for a symmetric BAB triblock copolymer, the the interface of the globule of the singly dispersed A block end blocks are of equal size N B /2. We consider this swollen disappears on micellization. This term is written as the prod-B block to be a sphere, whose diameter 2R ϱ B is equal to the uct of the interfacial tension (s AW ) between pure A and end-to-end distance of isolated block B in the solvent. The solvent W, the surface area of the globule (4pR ϱ A 2 ), and volume of this spherical region is denoted by V ϱ B , while the factor f A1 (volume fraction of polymer A in the globule) f B1 (ÅN B £ B /V ϱ B ) is the volume fraction of B segments to account for the reduction in the contact area between within the monomolecular globule: block A and solvent W caused by the presence of some water molecules inside the monomolecular globule. If the
[12] interfacial tension s AW is not available from direct measurements, it can be estimated using the relation
W . Such a relation is usually The second equality in Eq. [12] is based on the definition employed for the calculation of polymer-polymer interfacial of the chain expansion parameter a B , which can be estimated tensions. using the expression developed by Flory (14). In the Flory expression for a B , Stockmayer (15) has suggested decreasChange in State of Deformation of Block A ing the numerical coefficient by approximately a factor of 2 to ensure consistency with the results obtained from perturIn the singly dispersed state of the copolymer, the conforbation theories of excluded volume. Consequently, one can mation of the A block is characterized by the chain expansion estimate a B as the solution of parameter a A , which is the ratio between the actual end-toend distance and the unperturbed end-to-end distance of the a [13] polymer block. The free energy of this deformation is written using the Flory expression (14) derived for an isolated polymer molecule. Within the micelle, the A block is stretched where x BW is the Flory interaction parameter between the B block and water. nonuniformly, with the chain ends occupying a distribution of positions within the core while ensuring that the core In the micelle, the B blocks are present in the corona region of volume V S . This region is assumed to be uniform has a uniform concentration. The free energy contribution allowing for nonuniform chain deformation is calculated us-in concentration, with f B (ÅgN B £ B /V S ) being the volume fraction of the B segments in the corona. The free energy ing the analysis of chain packing pioneered by Semenov (6) . In the case of a BAB triblock copolymer, the A block of the corona region can be written using the Flory expression (14) for a network swollen by the solvent. Therefore, deformation is calculated by considering the folded A block the difference in the states of dilution of the B block on Localization of the Copolymer Molecule micellization provides the following free energy contribuOn micellization, the copolymer becomes localized in the tion:
sense that the joint linking blocks A and B in the copolymer is constrained to remain in the interfacial region rather than occupying all the positions available in the entire volume of (Dm 0 g ) B,dil kT the micelle. The entropic reduction associated with localization is modeled using the concept of configurational volume restriction. Thus, the localization free energy is calculated
on the basis of the ratio between the volume available to the A-B joint in the interfacial shell of the micelle (surrounding the core and having a thickness L B ) and the total
volume of the micelle:
Here, d refers to the dimensionality of aggregate growth and The first two terms in Eq. [14] describe the entropic and is 3 for spherical micelles (12) . enthalpic contributions to the free energy of swelling of the B block by the solvent in the corona region of the micelle, Formation of Micellar Core-Solvent Interface whereas the last two terms refer to the corresponding contriWhen a micelle forms, an interface is generated between butions in the singly dispersed copolymer molecule.
the core region consisting of the A block and the solubilizate J and the corona region consisting of the B block and the Change in State of Deformation of Block B solvent W. The free energy of formation of this interface is In the singly dispersed state, the B block has a chain estimated as the product of the surface area of the micellar conformation characterized by the chain expansion parame-core and an interfacial tension characteristic of this interface. ter a B . In the micelle, the B block is stretched nonuniformly The appropriate interfacial tension is that between a solution over the micelle corona so as to ensure that the concentration of block A and solubilizate J in the micelle core and a in the corona region is uniform. Semenov (6) has shown solution of block B and solvent W in the micellar corona. that the estimate for the chain deformation energy, assuming Since the corona region is often very dilute in block B, the that the termini of all B blocks lie at distance D from the core interfacial tension can be approximated as that between the surface, is not very different form that calculated assuming a solvent W and a solution of the A block and the solubilizate distribution of chain termini at various positions within the J in the micelle core. Denoting the polymer A-solvent W corona. On this basis, one can write (12) interfacial tension by s AW and the solubilizate J-solvent W interfacial tension by s JW , the free energy of generation of the micellar core-solvent interface is calculated from (Dm
Here, the interfacial tension of a polymer solution of block A and solubilizate J against another liquid W is approxiwhere a is the surface area per molecule of the micelle core, q Å 1 for AB diblock and q Å 2 for BAB triblock, as before, mated to be the composition-averaged interfacial tensions of pure polymer A and pure solubilizate J against the solvent and P is a shape-dependent function given by P Å (D/R)/ [1 / (D/R)], for spheres (12) . The first term in Eq. [15] W. The volume fraction is used as the composition variable.
Such a simple dependence of the interfacial tension on bulk represents the free energy of deformation of the B block in the micellar corona, whereas the second term denotes the solution composition is not generally obeyed in the case of free solutions of polymers or of low-molecular-weight corresponding free energy in the singly dispersed copolymer molecule.
components. The origin of the deviation from linearity lies in the preferential adsorption or depletion of one of the com- the interface composition between two bulk solutions has been explored in our study of solubilization in low-molecua Values in parentheses are experimental data from Ref. (4) summarized lar-weight surfactant micelles (8).
in Table 1 .
Backfolding or Looping in Triblock Copolymer
solutions of PEO and PPO (8) . The molecular volumes of The backfolding or looping of the middle block in a BAB the segments are £ A Å 96.5 Å 3 (for PO) and £ B Å 64.6 Å 3 triblock copolymer contributes an entropic term to the free (for EO) while for water, £ W Å 30 Å 3 . Since the molecular energy of solubilization. This contribution is absent for the weights of the segments are 58 for PO and 44 for EO, the case of a diblock copolymer. Jacobsen and Stockmayer (17) block copolymer of total molecular weight 12,500 with 30 showed that the reduction in entropy for the condition that wt% propylene oxide employed in our experiments (4) conthe ends of a linear chain of N segments are to lie in the tains approximately 200 ethylene oxide segments and 64 same plane or on one side of a plane is proportional to ln propylene oxide segments. All predictive calculations for the N. Therefore, the assumption that the backfolding of the diblock and triblock copolymers have concentrated on these middle block in the micelle follows the same functional form numbers of EO and PO segments. The predicted micellar is made. Hence, the backfolding or looping entropy makes structural properties are summarized in Tables 3 to 5 for the following contribution in the case of a BAB copolymer: three block copolymer systems. The various contributions to the free energy of solubilization corresponding to the equilibrium aggregate are listed in Tables 6 to 8 for the 
[18] three block copolymer systems. The predictions based on the uniform concentration-nonHere, b is an excluded volume parameter which is equal to uniform deformation model are summarized in Table 3 for unity when the excluded volume effects are negligible and E 200 P 64 diblock copolymer micelles. Also shown within the larger than unity when these effects become important. In parentheses are the measured solubilization capacities (from the present calculations, b is taken to be unity. Table 1 ) expressed as volume fractions in the micelle core. In general, the agreement between the experimental and measured values of h is reasonably satisfactory for all the
MODEL PREDICTIONS AND CONCLUSIONS
solubilizates. Whereas the theory permits the prediction of all the structural features of the micelles such as g, R, D To perform quantitative calculations, the values of molecular constants appearing in Eqs. [8] to [18] are needed for and the CMC, experimental data for these variables are currently not available and hence the corresponding compari-PEO-PPO diblock and PEO-PPO-PEO triblock copolymers, solvent water, and hydrocarbon solubilizates. The mo-sons have not been possible. The predicted results show that the solubilization capacity is larger when the core block lecular volumes £ J of the solubilizates, their solubility parameters d J , and the interfacial tensions s JW between water and A-solubilizate J interactions are favorable (small x AJ ), the solubilizate-solvent interfacial tension (s JW ) is lower, and the solubilizates are listed in Table 1 . The Flory interaction parameters x AJ are estimated using the solubility parameters the molecular volume of the solubilizate (£ J ) is smaller.
Consequently, the aromatic molecules are found to display d A and d J as indicated in Section 2. The Flory interaction parameters x AW and x BW have been estimated to be 2.1 and a larger solubilization limit compared with the aliphatic molecules. Solubilization is found to increase the micellar core 0.2, respectively, based on available activity data on aqueous D, and solubilization capacities h are all considerably smaller for the case of triblock copolymer compared with radius and decrease the CMC. The larger the solubilization diblock copolymer. The CMCs are significantly larger for capacity, the more significant are the changes in R and the the triblock copolymer compared with the diblock copoly-CMC. The increase in the core radius R results not only mer. The measured h (shown in parentheses) are in poorer from the incorporation of the solubilizate [as was assumed agreement with the predictions for the triblock copolymer in Ref. (10) while interpreting the experimental data], but micelles compared with the diblock copolymer micelles. also because of the increasing number of block copolymer
In Tables 6 to 8 , the various free energy contributions to molecules that are accommodated within a micelle. This solubilization of hydrocarbons in the three block copolymer increase in g is more dramatic in the case of solubilizates micellar systems are summarized. All the free energies correwhose uptake by the micelles is large. In comparison, the spond to spherical aggregates favored at equilibrium whose corona thickness D is not very much affected by solubiliza-dimensions have been specified in Tables 3 to 5 . The contrition.
bution from the dilution of A block (including the swelling Table 4 lists the predicted results for E 100 P 64 E 100 triblock of the core by the solubilizate) is negative and is responsible copolymer in water at 25ЊC. A comparison with the results for the occurrence of solubilization. All other free energy for diblock copolymer E 200 P 64 of the same molecular weight contributions are positive. Of these, the free energy of localand composition (presented in Table 3 ) shows that the mi-ization has only a weak dependence on the aggregation numcellar core radius R, aggregation number g, shell thickness ber and on the nature of the solubilizate; thus it has negligible to backfolding so as to exclude the B blocks from the micellar core. This looping free energy contribution is a positive constant dependent on the block copolymer molecular weight and composition but independent of micellar size the free energy expressions (Eqs. [8] to [18] ) one can clearly observe that if N A /q and N B /q are identical for a characteristics. Hence, its only effect is to increase the CMC in the case of triblock copolymers compared with diblock diblock molecule and a symmetric triblock molecule, then the expressions for the free energy of solubilization are idencopolymers of identical molecular weight and composition. In other words, it is more difficult to form micelles with tical (except for a constant term) for the aggregates formed of these two kinds of molecules, for the same values for R, triblock copolymers than with their diblock counterparts. Secondly, in the case of a triblock copolymer, the backfolded D, h, and a/q. Therefore, the free energy minimization yields the same values of these structural parameters for the A block in the micellar core is treated as being equivalent to two A chains of half the molecular weight. Also, each B E 100 P 64 E 100 triblock and E 100 P 32 diblock copolymer micelles.
The geometrical relation for a spherical aggregate in conblock of the triblock copolymer has half the molecular weight when compared with the B block of a diblock copoly-junction with the molecular packing requirement then dictates that the aggregation number of the diblock E 100 P 32 mimer of same overall molecular weight and composition. Consequently, the aggregation number, core radius, corona thick-celle will be twice that of the triblock E 100 P 64 E 100 micelle.
The quantitative prediction of aggregate characteristics ness, and volume fraction of solubilizate in the micelle core are all appreciably smaller for triblock copolymer micelles discussed above is influenced by the simplifying assumptions that have been made in constructing the model. For when compared with micelles of diblock copolymer having identical molecular weight and composition. example, only approximate estimates for the interfacial tension s agg characteristic of the hydrophobic core-hydrophilic From what has been mentioned above, one can anticipate that a triblock copolymer behavior is practically equivalent corona interface are employed in the present calculations.
To obtain improved estimates of s agg , future developments to a diblock copolymer having the same composition but half its molecular weight in many respects. Indeed, the core in the treatment of a constrained interface between two solutions are necessary. The model presented here assumes a radius, corona thickness, and volume fraction solubilizate are identical for a triblock copolymer micelle and a micelle sharp interface and does not allow the penetration of water or of the hydrophilic block into the hydrophobic core. It is of diblock copolymers having the same composition but half the molecular weight. This is seen from the results summa-of interest to relax this assumption and examine how the model predictions will be modified for the case of a diffuse rized in Table 5 for E 100 P 32 . Since the core radii are equal, from geometrical relations one gets an aggregation number interface. For solubilizates such as benzene, which are also good solvents for PEO, there is the possibility that in addition that is twice as large for these diblock copolymer micelles compared with the E 100 P 64 E 100 triblock copolymer micelles. to the solubilizate being present in the micellar core, it could also be present in the micellar shell. The model presented In addition to the structural features being comparable, one can observe that the CMCs are not very significantly differ-here does not describe such a situation. The presence of any solubilizate in the micellar shell can alter the predicted ent in the two cases despite the vast difference in the sizes of the A blocks. This is because of the compensation pro-micellar dimensions and the solubilization capacity.
The main advantage of the present theory is that it allows vided by the corona free energy, interfacial free energy, and looping free energy contributions (see Tables 7 and 8 ). From the prediction of all the microstructural features of micelles
